Hydrogen peroxide (H 2 O 2 ) production was assessed using ferrous oxidation xylenol orange assay. We showed that incubation of brachial rings with MAO inhibitors significantly improved EDR and attenuated H 2 O 2 generation in patients with ESRD. MAO-related oxidative stress might contribute to the primary dysfunction/non-maturation of the AV fistula and MAO inhibitors could improve maturation and long-term patency of the vascular access in dialysis patients.
D r a f t

CONTRIBUTION OF MONOAMINE OXIDASES TO VASCULAR OXIDATIVE STRESS IN PATIENTS WITH END-STAGE RENAL DISEASE REQUIRING
HEMODIALYSIS
Introduction
Chronic kidney disease (CKD) is a characterized by an irreversible alteration of renal structure and function, lasting more than three months, and the association with a plethora of complications: metabolic, endocrine, cardiovascular, increased drug toxicity (Gadalean et al. 2016; Levin and Stevens 2014; Schiller et al. 2015) . In its terminal stage ("end-stage renal disease", ESRD) long-term survival is possible only in conditions of chronic substitution of renal excretory function (dialysis or kidney transplantation). CKD is recognized as a major public health problem worldwide with an escalating prevalence in the last decade; globally there are over 2 million patients diagnosed with terminal CKD receiving dialysis replacement therapy (Hill et al. 2016; Mota et al. 2015) .
The vast majority of ESRD patients rely on hemodialysis as long-term therapeutic approach. In this respect, the placement and maintenance of a functional vascular access is of paramount importance for patients' survival. According to the National Kidney FoundationKidney Disease Outcomes Quality Initiative and the European Best Practices Guidelines for vascular access, the dialysis access of choice is represented by an autologous arteriovenous fistula (AVF) also known as the Brescia-Cimino fistula or internal arteriovenous shunt (Kimball et al. 2011) .
In short time, the most important complication of the AVF is primary failure as a consequence of the non-maturation process with high incidence in older, female patients or patients with previous vascular disorders (Pirozzi et al. 2016) . The maturation process requires dilation of the arterial and venous vessel segments, in order to achieve a sufficient flow required for hemodialysis (minimum flow of 300 ml/min for at least 8 dialysis sessionsAccording to the Dialysis Access Consortium) (Bashar et al. 2016) . Failure in AV fistula maturation/patency is a poorly understood process that involves both hemodynamic and D r a f t umoral factors. Among the latter group, a state of low-grade inflammation (Kuwahara et al. 2017; Wong et al. 2016 ) and long-term oxidative stress (with subsequent impairment of NO signaling) are both major pathomechanisms responsible for endothelial dysfunction in CKD (Geenen et al. 2016; Lee et al. 2016; Tsapenko et al. 2012 ) .
Monoamine oxidases (MAOs) are flavoenzymes with 2 isoforms, A and B, located at the outer mitochondrial membrane that have been recently recognized as relevant sources of cardiovascular oxidative stress in both experimental and clinical settings. Accordingly, we described the role of MAOs as mediators of endothelial dysfunction and the beneficial effect of MAO inhibition in murine diseased vessels (Sturza et al. 2013a; Sturza et al. 2013b ), experimental diabetes mellitus and in patients with coronary artery disease subjected to revascularization procedures (Duicu et al. 2016; Duicu et al. 2015; ).
The present study was purported to assess the role of MAOs as contributors to the endothelial dysfunction in brachial artery collaterals harvested from ESRD patients with indication for hemodialysis.
Material and methods
Fragments of brachial artery collaterals were harvested from ESRD patients during the surgical procedure aimed at creating a brachiocephalic lateral-terminal fistula in the right cubital fossa.
The University Committee for Ethics Research approved the study protocol and the informed consent was obtained from all patients prior to surgery, according to the World Medical Association Declaration of Helsinki.
Characteristics of the patients included in the study are are presented in Table 1 .
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Preparation of Brachial Artery Collaterals and Isometric Tension Measurements
After removal, brachial artery collaterals were placed in cold Hank's solution and immediately transferred to the laboratory. Organ bath experiments were performed in the presence of diclofenac (10 µmol/L) in order to eliminate the influence of prostaglandins on vascular reactivity according to a previously described protocol Sturza et al. 2013a ). In brief, after an initial period of equilibration under a resting tension of 1.75 cN respectively (incubation time, 30 min). Nitric oxide (NO) bioavailability was estimated from the constrictor response to the eNOS inhibitor N-nitro-L-arginine (L-NAME, 10 µmol/L) in human brachial artery collaterals rings preconstricted to 10% of the maximal KCl constriction using phenylephrine. In separate experiments, vascular samples were subjected to endothelium denudation by a short treatment with CHAPS (5 mg/mL dissolved in glucose solution 50g/L, exposure for 60 seconds).
Reactive Oxygen Species (ROS) Measurement
Hydrogen peroxide production was assessed in human brachial artery collaterals in the presence vs. absence of the MAOI (30 min preincubation with clorgyline and selegiline, 10 D r a f t µmol/L) by means of Ferrous iron xylenol orange OXidation (FOX) assay using the PeroxiDetect Kit (Sigma Aldrich) as previously described (Danila et al. 2017; Duicu et al. 2016; Sturza et al. 2015; Sturza et al. 2013a) . The principle of the assay is that peroxides oxidize Fe 2+ to Fe 3+ ions at acidic pH. The Fe 3+ ion will form a colored adduct with xylenol orange, which is observed at 560 nm.
Statistics
Data are presented as mean+SEM and analyzed using one-way ANOVA or student ttest when appropriate. Data analysis of the dose-effect response curves was performed using the ANOVA F-test (comparisons of bottom and top values, EC50 and the Hill slope). Values of p<0.05 were considered statistically significant.
Results
Ex Vivo Inhibition of MAOs Reduced Contractility And Improved Relaxation Of Brachial Artery Collaterals From ESRD Patients
MAOs have emerged in the past decades as important mediators of oxidative stress-related endothelial dysfunction both in animal models and cardiac patients. In the present study we assessed the effects of in vitro MAO inhibition on endothelial function in human brachial artery collaterals from ESRD patients, a pathological condition unequivocally associated with increased oxidative stress. As revealed by organ bath studies, in the presence of an intact endothelium, we found a significant rightward shift of the concentration-response curve to
Phe in arteries treated with MAO inhibitors (regardless of the dose applied) as compared to the non-treated vessels (Fig. 1A, 2A ). Subsequently, we measured the endothelium-dependent relaxation in response to cumulative doses of ACh in the presence vs. the absence of each D r a f t MAOI, clorgyline and selegiline (10, 30, 100 µmol/L). Similarly, both drugs inhibitors significantly improved the relaxation response to Ach (Fig. 1B, 2B ). Of note, we tested several MAOI concentrations -from 1 to 200 µmol/L (data not shown) but we obtained effects on vascular reactivity and ROS production in a rather narrow range, i.e. from 10 to 100 µmol/L.
The Vascular Effects After MAO Inhibition Are A Consequence Of The Increase In Nitric Oxide Availability
To elucidate whether the vascular effects after MAO inhibition are the consequence of the improvement in nitric oxide availability, in vascular preparations were incubated with either clorgyline or selegiline we measured the vascular contractility after the addition of the eNOS inhibitor L-NAME (Nω-Nitro-L-arginine methyl ester hydrochloride,10 µM/L). Since the endothelial nitric oxide (NO) generation was decreased, a subsequent increase in the vascular smooth muscle contractility was recorded in the non-treated vascular samples. At variance, in all vascular preparations incubated ex vivo with MAOI (regardless the dose), contractility in the presence of eNOS inhibitor was significantly decreased (Fig. 1C, 2C ). These observations indirectly suggest that in the presence of MAOI, the improvement in endothelial-dependent relaxation of brachial artery collaterals from ESRD patients (Fig. 1B, 2B ) was due, at least partially, to an increase in NO bioavailability.
MAO Inhibitors Reduced The Vascular H 2 O 2 Production In Brachial Artery Collaterals from ESRD patients
While CKD is a condition that has been systematically associated with oxidative stress the sources of ROS are elusive. In the present study we also investigated the role of MAOs as D r a f t sources of oxidative stress in patients with ESRD. In order to elucidate whether the restoration of vascular reactivity due to MAO inhibition might be related to the mitigation in ROS production we performed measurements of hydrogen peroxide by FOX assay. Incubation for 30 minutes with MAOI significantly reduced the amount of H 2 O 2 , suggesting that indeed, the reduction of oxidative stress contributes to the beneficial vascular effects of MAOI (Fig. 4A) .
Endothelial Denudation Abolished The Effects Of MAOI
We further questioned whether a functional endothelium is mandatory for the effects of MAOI. Indeed, endothelial denudation with CHAPS completely abolished the effects of the pharmacological inhibitors on vascular reactivity ( Fig. 3A-B ) and H 2 O 2 production ( Fig. 4B ), respectively. These results strongly suggest that the presence of intact endothelial cells is mandatory for the favorable effects of MAOI on diseased vessels.
Discussions
In this study, we investigated the role of MAO in ROS generation and endothelial dysfunction in brachial artery collaterals harvested from patients with ESRD subjected to the surgical creation of the AV fistula. We showed here for the first time that MAOs' inhibition reduced the level of oxidative stress and improved vascular reactivity by decreasing contractility and increasing relaxation in the diseased vessels. The second major finding is that the presence of an intact endothelial layer is mandatory for the beneficial effects of MAOI. This latter observation is in line with our results in vessels harvested from patients with coronary heart disease, another condition associated with low-grade inflammation and various degrees of oxidative stress. Indeed, in this earlier study, incubation of the denuded mammary arteries with either MAOI, did not result in alleviation of the endothelial dysfunction ). This observation might also imply that a normal D r a f t endothelial cell-to-cell adhesion and communication (Dlugosova et al. 2009; Frimmel et al. 2014 ) are equally required for the appropriate fistula maturation, a hypothesis that deserve further investigation.
Albeit the mechanism underlying the MAOI-related improvement in the endothelialdependent relaxation has not be directly investigated (an important limitation of the present study), our previous experimental data are pointing to a critical role for nitric oxide (NO).
Indeed, in human umbilical vein endothelial cells, MAO-A and B inhibition increased the level of cyclic guanosin monophosphate and thus, the NO bioavailability (Sturza et al. 2013a ).
Collectively, our data are suggestive for the contribution of MAO-related oxidative stress to the vascular impairment in patients with advanced CKD requiring hemodialysis that might further impact on fistula maturation and/or survival. Factors responsible for the defective maturation and/or malfunctioning of the vascular access in patients with CKD are incompletely elucidated. Therefore, understanding the complex pathophysiology that underlies endothelial dysfunction in the setting of renal failure is crucial for a long-term viability of the vascular access. In particular, the hemodynamic abnormalities elicited by the surgical anastomosis of a high pressure artery to a low pressure vein have been systematically studied (Hammes 2015) ; indeed, neointimal hyperplasia and subsequent venous stenosis have been reported to be the major culprits responsible for the vascular access failure (Stolic 2013 ).
However, the trigger event that initiate the intimal hyperplasia remains elusive (Cunnane et al.
2017). Clearly, chronic accumulation of uremic toxins is primarily responsible for increased
arterial stiffness, endothelial hyperplasia and calcification in patients with renal failure (Nemcsik et al. 2012) . Moreover, hemodialysis is a treatment that contributes per se to the oxidative stress (and reduced NO formation) through the shear stress of the venous endothelial cells (Hammes 2015) . renalase, mainly released by the kidneys (Xu et al. 2005) . In CKD renalase is significantly decreased which is an important cause of reduced catecholamine clearance with sympathetic over-activation (Wang et al. 2015 ) and a well-documented increase in cardiovascular risk and mortality (Quelhas-Santos and Pestana 2014). Of note, in CKD patients norepinephrine clearance is reduced by 20% in mild renal impairment and by up to 40% in hemodialysis patients (Zbroch et al. 2012) . Accordingly, it is tempting to speculate that the catecholamine clearance will be increasingly performed via the A and B MAO isoforms with subsequent higher H 2 O 2 generation. In our study incubation with either MAOI significantly reduced the amount of H 2 O 2 in the vascular samples from ESRD patients. These results are in line with our previous studies in human internal mammary arteries harvested from coronary patients, where MAOI significantly reduced the amount of H 2 O 2 (Duicu et al. 2016; ) (Sturza et al. 2013a) . In this regard, in the present study we noticed the reduction of the We have to mention that patients included in this pilot study had a severe anemia (Hb and Ht values in Table 1 ) prior to the establishment of the vascular access that clearly need to be corrected in order to decrease the cardiovascular risk. In these patients, renal anemia is mainly due to a decreased erythropoietin production but other factors are involved such as iron deficiency, inhibition of erythropoiesis and increased hemolysis due to uremic toxins and also, deficiency in B12 and folic acid (Hayashi et al. 2015) . Clearly, the subsequent tissue hypoxia elicits compensatory changes that in long term may become maladaptive and further contribute to the endothelial dysfunction.
Optimizing the vascular access remains an unmet need in day-to-day practice of the dialysis centers view the high rate of mortality (up to 25% of patients) due to AVF failure or its complications (Schild 2010) . We report here that MAOs at the outer mitochondrial membrane are novel sources of vascular oxidative stress in patients with end-stage renal D r a f t disease. It is tempting to speculate that preoperative MAO inhibition, prior to the establishment of the vascular access might contribute to the maturation and patency of the AVF, the `life line` for hemodialysis patients.
Conclusions
With the present study, we have established that in vitro inhibition of MAOs significantly improved endothelium-dependent relaxation and reduced ROS level in human brachial artery collaterals isolated from patients with end-stage renal disease with indication of hemodialysis.
Although much remains to be done in adequately assessing their long-term clinical efficacy, these preliminary results suggest that MAO inhibitors might be useful in the management of the vascular access in hemodialysis patients.
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